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(54) Gas sensor 



(57) A gas sensor is disclosed in order to decrease 
the offset value to a degree in which no trouble occurs 
in the measurement without causing any reduction of 
NOx so that the measurement accuracy for NOx is im- 
proved. In the gas sensor, NOx contained in a measure- 
ment gas introduced into a second chamber (60) is de- 
composed by means of catalytic action and/or electrol- 
ysis to pumping-process oxygen produced by the de- 
composition so that NOx is measured on the basis of a 
pumping current (Ip2) flowing through a measuring 



pumping cell (82) thereby. The gas sensor has the fol- 
lowing pattern of a heater (94). That is, a minute pitch 
is provided for a pattern (94a) at a portion corresponding 
to the forward end of a sensor element (100), a coarse 
pitch is provided for a pattern (94b) at a central portion, 
and a pattern (94c) is removed at a portion correspond- 
ing to the backward end of the sensor element (100). 
Thus, the measuring pumping cell (82) is allowed to 
have a resistivity of electronic conduction of not less 
than 1 MQ after conversion into a resistance value. 
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D scription 

BACKGROUND OF THE INVENTION 

Field of the Invention; 

The present invention relates to a gas sensor for 
measuring gas components such as NO, N0 2 , S0 2 , 
C0 2 , and H 2 0 contained in, for example, atmospheric 
air and exhaust gas discharged from vehicles or auto- 
mobiles. 

Description of the Related Art: 

Exhaust gas, which is discharged from vehicles or 
automobiles such as gasoline-fueled automobiles and 
diesel powered automobiles, contains nitrogen oxides 
(NOx) such as nitrogen monoxide (NO) and nitrogen di- 
oxide (N0 2 ), as well as carbon monoxide (CO), hydro- 
carbon (CH), hydrogen (H 2 ), oxygen (0 2 ) and so on. In 
such exhaust gas, about 80 % of the entire NOx is oc- 
cupied by NO, and about 95 % of the entire NOx is oc- 
cupied by NO and N0 2 . 

The three way catalyst, which is used to clean HC, 
CO, and NOx contained in the exhaust gas, exhibits its 
maximum cleaning efficiency in the vicinity of the theo- 
retical air fuel ratio (A/F = 14.6). If A/F is controlled to 
be not less than 1 6, the amount of produced NOx is de- 
creased. However, the cleaning efficiency of the catalyst 
is lowered, and consequently the amount of discharged 
NOx is apt to increase. 

Recently, in order to effectively utilize fossil fuel and 
avoid global warming, the market demand increases, for 
example, in that the discharge amount of C0 2 should 
be suppressed. In order to respond to such a demand, 
it becomes more necessary to improve the fuel efficien- 
cy, in response to such a demand, for example, the lean 
burn engine and the catalyst for cleaning NOx are being 
researched. Especially, the need for a NOx sensor in- 
creases. 

A conventional NOx analyzer has been hitherto 
known in order to detect NOx as described above. The 
conventional NOx analyzer is operated to measure a 
characteristic inherent in NOx, based on the use of 
chemical luminous analysis. However, the conventional 
NOx analyzer is inconvenient in that the instrument itself 
is extremely large and expensive. The conventional 
NOx analyzer requires frequent maintenance because 
optical parts are used to detect NOx. Further, when the 
conventional NOx analyzer is used, any sampling oper- 
ation should be performed for measurement of NOx, 
wherein it is impossible to directly insert a detecting el- 
ement itself into a fluid. Therefore, the conventional NOx 
analyzer is not suitable for analyzing transient phenom- 
ena such as those occur in the exhaust gas discharged 
from an automobile, in which the condition frequently 
varies. 

In order to dissolve the inconveniences as de- 



scribed above, there has been suggested and practical- 
ly used a sensor for measuring a desired gas compo- 
nent in exhaust gas by using a substrate composed of 
an oxygen ion-conductive solid electrolyte. 
5 FIG. 10 shows a cross-sectional arrangement of a 
gas sensor 1 0 disclosed in Japanese Laid-Open Patent 
Publication No. 8-271476. 

The gas sensor 10 is operated as follows. That is, 
a measurement gas is introduced into a first hollow 
10 space 1 4 via a first diffusion rate<Ietermining section 1 2. 
A first oxygen pumping means 22, which comprises an 
inner pumping electrode 16, a solid electrolyte 18 : and 
an outer pumping electrode 20, is used to pump in or 
pump out oxygen contained in the measurement gas, 
is into or from the first hollow space 14 to an extent that 
the measurement gas is not decomposed. 

Subsequently, the measurement gas is introduced 
into a second hollow space 26 via a second diffusion 
rate-determining section 24. A second oxygen pumping 
20 means 36, which comprises a measurement gas-de- 
composing electrode 28 disposed in the second hollow 
space 26, a solid electrolyte 30, and a reference elec- 
trode 34 disposed in a reference gas-introducing space 
32, is used to pump out oxygen produced by decompo- 
2S sition and electrolysis caused by the applied voltage or 
the catalytic action effected by the measurement gas- 
decomposing electrode 28. 

The value of the current, which is required to pump 
out oxygen by the second oxygen pumping means 36, 
30 is measured to measure the predetermined gas compo- 
nent contained in the measurement gas, on the basis of 
the current value. 

Those to which the gas sensor 10 is applicable in- 
clude, for example, NOx sensors, H 2 0 sensors and C0 2 
35 sensors for measuring NOx, H 2 0, and C0 2 in which the 
predetermined gas component has bound oxygen. 

In the case of the use as a NOx sensor, NOx is cat- 
alytically decomposed by using, for example, Rh or Pt 
for the measurement gas-decomposing electrode 28. 
40 The oxygen produced during the decomposition can be 
detected as a pumping current, or it can be detected as 
a change in voltage of an oxygen concentration cell. 

As shown in FIG. 11, another gas sensor 10A has 
been suggested (see, for example, Japanese Laid- 
45 open Patent Publication No. 9-11 3484), in which the ox- 
ygen dependency of the gas sensor 1 0 described above 
is improved when the gas sensor 10 is used as a NOx 
sensor. 

The gas sensor 10A comprises an auxiliary pump- 
so ing electrode 38 disposed at a second hollow space 26. 
A third oxygen pumping means, i.e., an auxiliary pump- 
ing means 40 is constructed by the auxiliary pumping 
electrode 38, solid electrolytes (including 18 and 30), 
and a reference electrode 34. The oxygen, which diffus- 
55 es and enters from a first hollow space 14 in a minute 
amount, is pumped out again by using the auxiliary 
pumping means 40. Accordingly, it is possible to greatly 
improve the measurement accuracy (especially the de- 
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pendency on oxygen concentration). 

However, the gas sensors 1 0, 1 0A are in the follow- 
ing actual state of affairs. That is, even when the oxygen 
concentration in the measurement gas is controlled to 
be, for example, not more than 1 ppm in the previous 
stage of NOx measurement by using the first oxygen 
pumping means 22, or by using the first oxygen pumping 
means 22 and the auxiliary pumping means 40, the 
pumping current value at NOx = 0 (hereinafter referred 
to as "offset value") is a value corresponding to 100 ppm 
which is much higher than a value corresponding to 1 
ppm. 

If the offset value is always constant in all environ- 
ments in which the gas sensors 10, 10A are used, no 
problem arises. However, it is feared that a large meas- 
urement error may be caused, because the offset value 
varies depending on the change in temperature of ex- 
haust gas. 

In order to decrease the offset value, it is conceived 
that strict control is performed by using the first oxygen 
pumping means 22, and strict control is performed by 
using the auxiliary pumping means 40, for example, so 
that the oxygen concentration to be controlled is further 
decreased. However, if such strict control is performed, 
a problem arises in that NOx is decomposed by the 
pumping process effected thereby. 

FIG. 12 shows a situation of the problem described 
above. When the oxygen concentration in the first hol- 
low space 14 of the gas sensor 10 shown in FIG. 10 is 
controlled to be 10' 7 atm (about 300 mV as a voltage 
detected by an oxygen concentration detector), the off- 
set value is 1 .0 u,A. 

Theoretically and essentially, the offset value 
should be a value corresponding to a residual oxygen 
concentration in the first hollow space 14, i.e., 0.1 ppm 
(or corresponding to 0.2 ppm after conversion into a val- 
ue of NO). However, the offset value is actually 1 jiA (or 
a value of NO corresponding to 200 ppm obtained by 
conversion). The NO sensitivity is calculated in accord- 
ance with 5 uA/1000 ppm. 

Therefore, if the offset value slightly changes de- 
pending on, for example, the temperature of the sensor 
element, and it is changed in a degree of 10 %, then the 
resultant change corresponds to 20 ppm, which causes 
a serious problem when NOx is measured at a low con- 
centration in a degree of several hundreds of ppm. 

FIG. 1 3 shows such a situation. For example, when 
the temperature of the measurement gas (gas temper- 
ature) is changed by about 150 °C from 650 °C to 800 
°C, the offset value is changed in an amount of about 
1.5 uA i.e., 300 ppm. This causes a serious problem 
when NOx is measured at a low concentration of several 
hundreds of ppm. 

In order to solve this problem, a method is con- 
ceived, in which the oxygen concentration in the first hol- 
low space 14 is lowered. However, even when the oxy- 
gen concentration in the first hollow space 1 4 is lowered 
up to 10-10 atrT)( the offset value is still 1 uA When the 



oxygen concentration is lowered up to 10~ 12 atm, the off- 
set value is finally 0.1 uA (corresponding to 20 ppm). 
Under this condition, even when the offset value is 
changed by 20 % due to the temperature change or the 

5 like, the amount of change is suppressed to be about 4 
ppm at most, which is at a sufficient level to make meas- 
urement for several hundreds of ppm. 

However, when the oxygen concentration in the first 
hollow space 14 is lowered to be too low, the reaction 

10 with NOx occurs in the first hollow space 14 before com- 
bustion of inflammable gas components such as HC and 
CO contained in exhaust gas. A new problem arises in 
that the decrease in sensitivity takes place. 

is SUMMARY OF THE I N VENTION 

The present invention has been made taking the 
foregoing problems into consideration, an object of 
which is to provide a gas sensor which avoids or mini- 

20 mizes reduction of a predetermined gas component, 
which makes it possible to decrease the offset value to 
a degree in which no trouble occurs in measurement, 
and which makes it possible to improve the measure- 
ment accuracy for the predetermined gas component. 

2S According to the present invention, there is provid- 
ed a gas sensor comprising a main pumping means for 
pumping-processing oxygen contained in a measure- 
ment gas introduced from an external space into a 
processing space formed and comparted by solid elec- 

30 trolytes contacting with the external space so that a par- 
tial pressure of oxygen in the processing spade is con- 
trolled to have a predetermined value at which a prede- 
termined gas component contained in the measurement 
gas is not decomposable; and a measuring pumping 

35 means for decomposing a measurement gas compo- 
nent contained in the measurement gas after being 
pumping-processed by the main pumping means, by 
means of catalytic action and/or electrolysis so that ox- 
ygen produced by the decomposition is subjected to a 

40 pumping process; wherein the measurement gas com- 
ponent contained in the measurement gas is measured 
on the basis of a pumping current flowing through the 
measuring pumping means in accordance with the 
pumping process effected by the measuring pumping 

45 means; and the measuring pumping means has a resis- 
tivity of electronic conduction of not less than 1 MQ after 
conversion into a resistance value. 

According to the present invention, at first, the ox- 
ygen, which is contained in the measurement gas intro- 

50 duced from the external space, is pumping-processed 
by the main pumping means, and the oxygen is adjusted 
to have a predetermined concentration. That is, the par- 
tial pressure of oxygen in the processing space is con- 
trolled by the main pumping means to have the prede- 

55 termined value at which the predetermined gas compo- 
nent contained in the measurement gas is not decom- 
posable. The predetermined gas component includes, 
for example, NO. The measurement gas, which has 
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been adjusted for the oxygen concentration by the aid 
of the main pumping means, is introduced into the de- 
tecting pumping means in the next step. The detecting 
pumping means decomposes the measurement gas 
component contained in the measurement gas after be- 
ing pumping-processed by the main pumping means, 
by means of the catalytic action and/or the electrolysis. 
The oxygen produced by the decomposition is subject- 
ed to the pumping process. The pumping current is gen- 
erated in the detecting pumping means in accordance 
with the amount of oxygen pumping-processed by the 
detecting pumping means. The measurement gas com- 
ponent corresponding to the amount of oxygen is meas- 
ured on the basis of the generated pumping current. The 
measurement gas component includes, for example, 
NOx. 

The measurement gas component is measured 
such that when the voltage is applied to the solid elec- 
trolyte, then the current flows in accordance with move- 
ment of oxygen ion, and the current is measured as a 
pumping current. During this process, when the meas- 
uring pumping means is at a high temperature, then the 
current flowing through the solid electrolyte originates 
not only from the oxygen ion, but the electronic conduc- 
tion occurs although it is in an extremely minute amount. 
The electronic conduction appears as an offset value. 

The electron conductivity is extremely small as 
compared with the conductivity of oxygen ion, and it is 
almost neglected in ordinary cases. However, when the 
concentration of an extremely minute amount of gas is 
measured, the limiting current is obtained only in a de- 
gree of about several uA Therefore, the electronic con- 
duction at the |iA level serves as a large error factor. 
However, in the present invention, the resistivity of elec- 
tronic conduction of the measuring pumping means is 
set to be not less than 1 M£2 after conversion into a re- 
sistance value. Therefore, it is possible to suppress the 
electronic conduction of the measuring pumping means. 
Accordingly, the offset value can be decreased, and thus 
the present invention is extremely useful to measure the 
measurement gas component at a low concentration. 

As described above, it is approved that the electron 
conductivity of the measuring pumping means is not 
less than 1 MQ. after conversion into a resistance value. 
However, the electron conductivity of the measuring 
pumping means is preferably not less than 2 MQ, and 
more preferably not less than 4 M£X 

The gas sensor constructed as described above 
may further comprise an auxiliary pumping means in- 
cluding the solid electrolyte and an inner auxiliary pump- 
ing electrode and an outer auxiliary pumping electrode 
formed in contact with the solid electrolyte, for pumping 
out oxygen contained in the measurement gas after be- 
ing pumping-processed by the main pumping means, 
toward the main pumping means. 

In this embodiment, it is possible to pump out the 
oxygen contained in the measurement gas after being 
pumping-processed by the main pumping means, i.e., 



the oxygen which diffuses and enters in a minute 
amount. Therefore, it is possible to greatly improve the 
oxygen concentration dependency of the measuring 
pumping means. Thus, it is possible to improve the 

5 measurement accuracy. 

The gas sensor constructed as described above 
may further comprise a heater for heating at least the 
main pumping means and the measuring pumping 
means to predetermined temperatures, and a heater 

10 control means for controlling electric power of the heater 
so that the temperature in the vicinity of the measuring 
pumping means is constant. In this embodiment, even 
when the temperature of the measurement gas is 
changed, it is easy to control the measuring pumping 

is means to have a constant electron conductivity. There- 
fore, this embodiment is advantageous to measure the 
measurement gas component at a low concentration. 

According to another aspect of the present inven- 
tion, there is provided a gas sensor comprising a main 

20 pumping means for pumping-processing oxygen con- 
tained in a measurement gas introduced from an exter- 
nal space into a processing space formed and compart- 
ed by solid electrolytes contacting with the external 
space so that a partial pressure of oxygen in the 

25 processing space is controlled to have a predetermined 
value at which a predetermined gas component as a 
measurement objective is not decomposable; and a 
measuring pumping means for decomposing a meas- 
urement gas component contained in the measurement 

30 gas after being pumping-processed by the main pump- 
ing means, by means of catalytic action and/or electrol- 
ysis so that oxygen produced by the decomposition is 
subjected to a pumping process; wherein the measure- 
ment gas component contained in the measurement 

35 gas is measured on the basis of a pumping current flow- 
ing through the measuring pumping means in accord- 
ance with the pumping process effected by the measur- 
ing pumping means; the gas sensor further comprising 
a heater for heating at least the main pumping means 

40 and the measuring pumping means to predetermined 
temperatures, and a heater control means for controlling 
electric power of the-heater so that the measuring pump- 
ing means has a constant impedance; wherein the 
measuring pumping means has a resistivity of electronic 

45 conduction which is set to be not less than a predeter- 
mined value. 

According to this aspect of the present invention, 
the control is made to give a constant impedance be- 
tween the electrodes between which the pumping cur- 

50 rent flows. That is, when the measuring pumping means 
is constructed by a detecting electrode exposed to the 
measurement gas after being pumping-processed by 
the main pumping means, a reference electrode formed 
at a reference gas-introducing space for introducing a 

55 reference gas thereinto, and the solid electrolyte inter- 
vening between the electrodes, the impedance between 
the detecting electrode and the reference electrode is 
measured to control the heater. 
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FIG. 3B shows a plan view illustrating a configura- 
tion after improvement of the pattern of the heater; 
FIG. 4 shows characteristic curves illustrating tem- 
perature distributions in sensor elements before 
5 and after the improvement of the heater pattern; 

FIG. 5 shows a characteristic curve illustrating var- 
iation of the offset value with respect to the change 
in gas temperature in the gas sensor according to 
the embodiment of the present invention; 
*0 FIG. 6 shows an arrangement of a heater control 
system provided in the gas sensor according to the 
embodiment of the present invention together with 
the sensor element; 

FIG. 7 shows an arrangement of an impedance-de- 
15 tecting circuit of the heater control system; 

FIG. 8 shows a circuit diagram illustrating an ar- 
rangement of the heater control system; 
FIG. 9 shows another illustrative arrangement of an 
auxiliary pumping cell; 
20 FIG. 10 shows an arrangement of a suggested con- 
ventional gas sensor; 

FIG. 11 shows an arrangement of another suggest- 
ed conventional gas sensor; 

FIG. 12 shows a characteristic curve illustrating the 
25 change in pumping current with respect to the 
change in NO concentration, obtained when the ox- 
ygen concentration in the first hollow space is con- 
trolled to be 0. 1 ppm; and 

FIG. 13 shows a characteristic curve illustrating the 
30 variation of offset value with respect to the change 
in gas temperature in the suggested conventional 
gas sensor. 

DESCRIPTION OF THE PREFERRED 
35 EMBODIMENTS 
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Alternatively, when the measuring pumping means 
is constructed by the detecting electrode, an electrode 
(for example, a main pumping outer electrode for con- 
structing the main pumping means) other than the ref- 
erence electrode, and the solid electrolyte intervening 
between the electrodes, and the pumping current is al- 
lowed to flow between the detecting electrode and the 
main pumping outer electrode while monitoring an elec- 
tromotive force generated between the reference elec- 
trode and the detecting electrode, then the impedance 
between the detecting electrode and the main pumping 
outer electrode is measured to control the heater. 

In the gas sensor according to the present inven- 
tion, it is possible to decrease the width of variation of 
the offset value associated with the temperature 
change. Thus, it is possible to obtain the gas sensor hav- 
ing extremely high accuracy. 

In the gas sensor according to the present inven- 
tion, even when the temperature of the measurement 
gas is changed, the offset value can be controlled to be 
constant. Further, the resistivity of electronic conduction 
of the measuring pumping means is not less than 100 
k£2 after conversion into a resistance value. Therefore, 
the gas sensor of the present invention is advantageous 
in that it is possible to sufficiently make allowance even 
when the electron conductivity is large to some extent. 

The gas sensor constructed as described above 
may further comprise an auxiliary pumping means in- 
cluding the solid electrolyte and an inner auxiliary pump- 
ing electrode and an outer auxiliary pumping electrode 
formed in contact with the solid electrolyte, for pumping 
out oxygen contained in the measurement gas after be- 
ing pumping-processed by the main pumping means, 
toward the main pumping means. 

In this embodiment, it is possible to pump out the 
oxygen contained in the measurement gas after being 
pumping-processed by the main pumping means, i.e., 
the oxygen which diffuses and enters in a minute 
amount. Therefore, it is possible to greatly improve the 
oxygen concentration dependency of the measuring 40 
pumping means. Thus, it is possible to improve the 
measurement accuracy. 

The above and other objects, features, and advan- 
tages of the present invention will become more appar- 
ent from the following description when taken in con- 45 
junction with the accompanying drawings in which a pre- 
ferred embodiment of the present invention is shown by 
way of illustrative example. 

BRIEF DESCRIPTION OF THE DRAWINGS so 

FIG. 1 shows a plan view illustrating a structure of 
a gas sensor according to an embodiment of the 
present invention; 

FIG. 2 shows a sectional view taken along a line A- ss 
A shown in FIG. 1; 

FIG. 3A shows a plan view illustrating a configura- 
tion before improvement of the pattern of the heater; 



Explanation will be made below with reference to 
FIGs. 1 to 9 for illustrative embodiments in which the 
gas sensor according to the present invention is applied 
to gas sensors for measuring gas components such as 
NO, N0 2 , S0 2 , C0 2 , and H 2 0 contained in, for example, 
atmospheric air and exhaust gas discharged from vehi- 
cles or automobiles (hereinafter simply referred to as 
"gas sensor according to the embodiment"). 

As shown in FIGs. 1 and 2, a gas sensor 50 accord- 
ing to the embodiment of the present invention is gen- 
erally constructed to have a lengthy plate-shaped con- 
figuration as a whole, comprising, for example, six 
stacked solid electrolyte layers 50a to 50f composed of 
ceramics based on the use of oxygen ion-conductive 
solid electrolytes such as Zr0 2 . First and second layers 
from the bottom are designated as first and second sub- 
strate layers 50a, 50b respectively. Third and fifth layers 
from the bottom are designated as first and second 
spacer layers 50c, 50e respectively Fourth and sixth 
layers from the bottom are designated as first and sec- 
ond solid electrolyte layers 50d, 50f respectively. 

Specifically, the first spac r layer 50c is stacked on 
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the second substrate layer 50b. The first solid electrolyte 
layer 50d, the second spacer layer 50e, and the second 
solid electrolyte layer 50f are successively stacked on 
the first spacer layer 50c. A space (reference gas-intro- 
ducing space) 52, into which a reference gas such as 
atmospheric air to be used as a reference for measuring 
oxides is introduced, is formed between the second sub- 
strate layer 50b and the first solid electrolyte layer 50d, 
the space 52 being comparted by a lower surface ol the 
first solid electrolyte layer 50d, an upper surface of the 
second substrate layer 50b, and side surfaces of the first 
spacer layer 50c. 

The second spacer layer 50e is interposed between 
the first and second solid electrolyte layers 50d, 50f. 
First and second diffusion rate-determining sections 54, 
56 are also interposed between the first and second sol- 
id electrolyte layers 50d, 50f. 

A first chamber 58 for adjusting the partial pressure 
of oxygen in a measurement gas is formed and com- 
parted by a lower surface of the second solid electrolyte 
layer 50f , side surfaces of the first and second diffusion 
ra te-determining sections 54, 56, and an upper surface 
of the first solid electrolyte layer 50d. A second chamber 
60 for finely adjusting the partial pressure of oxygen in 
the measurement gas and measuring oxides such as 
nitrogen oxides (NOx) in the measurement gas is 
formed and comparted by a lower surface of the second 
solid electrolyte layer 50f, a side surface of the second 
diffusion rate-determining section 56, a side surface of 
the second spacer layer 50e, and an upper surface of 
the first solid electrolyte layer 50d. 

The external space communicates with the first 
chamber 58 via the first diffusion-rate determining sec- 
tion 54, and the first chamber 58 communicates with the 
second chamber 60 via the second diffusion rate-deter- 
mining section 56. 

The first and second diffusion-rate determining sec- 
tions 54, 56 give predetermined diffusion resistances to 
the measurement gas to be introduced into the first and 
second chambers 58, 60 respectively. Each of the first 
and second diffusion-rate determining sections 54, 56 
can be formed as a passage composed of, for example, 
a porous material (for example, a porous member com- 
posed of 2r0 2 ), or a small hole having a predetermined 
cross-sectional area so that the measurement gas may 
be introduced. Alternatively, each of the first and second 
diffusion-rate determining sections 54, 56 may be con- 
structed by a gap layer or a porous layer produced by 
printing. In this embodiment, the comparative magni- 
tude does not matter between the respective diffusion 
resistances of the first and second diffusion rate-deter- 
mining sections 54, 56. However, it is preferable that the 
diffusion resistance of the second diffusion rate-deter- 
mining section 56 is larger than that of the first diffusion 
rate-determining section 54. 

The atmosphere in the first chamber 58 is intro- 
duced into the second chamber 60 under the predeter- 
mined diffusion resistance via the second diffusion rate- 



determining section 56. 

An inner pumping electrode 62 having a substan- 
tially rectangular planar configuration and composed of 
a porous cermet electrode is formed on an entire lower 

5 surface portion for lorming the first chamber 58, of the 
lower surface of the second solid electrolyte layer 50f. 
An outer pumping electrode 64 is formed on a portion 
corresponding to the inner pumping electrode 62, of the 
upper surface of the second solid electrolyte layer 50f . 

10 An electrochemical pumping cell, i.e., a main pumping 
cell 66 is constructed by the inner pumping electrode 
62, the outer pumping electrode 64, and the second sol- 
id electrolyte layer 50f interposed between the both 
electrodes 62, 64. 

is A desired control voltage (pumping voltage) Vpl is 
applied between the inner pumping electrode 62 and the 
outer pumping electrode 64 of the main pumping cell 66 
by the aid of an external variable power source 68 to 
allow a pumping current Ipl to flow in a positive direction 

20 or in a negative direction between the outer pumping 
electrode 64 and the inner pumping electrode 62. Thus, 
the oxygen in the atmosphere in the first chamber 58 
can be pumped out to the external space, or the oxygen 
in the external space can be pumped into the first cham- 

25 ber 58. 

A measuring electrode 70 having a substantially 
rectangular planar configuration and composed of a po- 
rous cermet electrode is formed in the close vicinity of 
the second diffusion rate-determining section 56 on an 

30 upper surface portion for forming the first chamber 58, 
of the upper surface of the first solid electrolyte layer 
50d. A reference electrode 72 is formed on a lower sur- 
face portion exposed to the reference gas-introducing 
space 52, of the lower surface of the first solid electrolyte 

35 layer 50d. An electrochemical sensor cell, i.e., a control- 
ling oxygen partial pressure-measuring cell 74 is con- 
structed by the measuring electrode 70, the reference 
electrode 72, and the first solid electrolyte layer 50d. 
The controlling oxygen partial pressure-measuring 

40 cell 74 is operated such that the partial pressure of ox- 
ygen in the atmosphere in the first chamber 58 can be 
detected by measuring the electromotive force generat- 
ed between the measuring electrode 70 and the refer- 
ence electrode 72 by using a voltmeter 76, on the basis 

45 of the difference in oxygen concentration between the 
atmosphere in the first chamber 58 and the reference 
gas (atmospheric air) in the reference gas-introducing 
space 52. 

That is, the voltage V, which is generated between 
so the reference electrode 72 and the measuring electrode 
70, is the electromotive force of the oxygen concentra- 
tion cell generated on the basis of the difference be- 
tween the partial pressure of oxygen of the reference 
gas introduced into the reference gas-introducing space 
55 52 and the partial pressure of oxygen of the measure- 
ment gas in the first chamber 58. The voltage V has the 
following relationship known as the Nernst's equation. 
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V=m/4F.\n(P^O 2 )fi> 0 (O 2 )) 

R: gas constant; 

T: absolute temperature; 

F: Faraday constant; 

p i(°2) : partial pressure of oxygen in the first cham- 
ber 58; 

Po(°2) : partial pressure of oxygen of the reference 
gas. 

Therefore, the partial pressure of oxygen in the first 
chamber 58 can be detected by measuring the voltage 
V based on the Nernst's equation by using the voltmeter 
76. 

The detected value of the partial pressure of oxygen 
is used to control the pumping voltage Vpl of the vari- 
able power source 68 by the aid of a feedback control 
system 78. Specifically, the pumping operation effected 
by the main pumping cell 66 is controlled so that the par- 
tial pressure of oxygen in the atmosphere in the first 
chamber 58 has a predetermined value which is suffi- 
ciently low to make it possible to perform the control of 
the partial pressure of oxygen in the second chamber 
60 in the next step. 

Each of the inner pumping electrode 62 and the out- 
er pumping electrode 64 of the main pumping cell 66 
and the measuring electrode 70 of the controlling oxy- 
gen partial pressure-measuring cell 74 is composed of 
an inert material having a low catalytic activity on NOx, 
for example, NO contained in the measurement gas in- 
troduced into the gas sensor. 

Especially, each of the inner pumping electrode 62 
and the measuring electrode 70 may be composed of a 
porous cermet electrode. In this embodiment, each of 
the electrodes is composed of a metal such as Pt and 
a ceramic such as Zr0 2 . It is necessary to use a material 
which has a weak reducing ability or no reducing ability 
with respect to the NO component in the measurement 
gas, for the inner pumping electrode 62 and the meas- 
uring electrode 70 disposed in the first chamber 58 to 
make contact with the measurement gas. It is preferable 
that each of the inner pumping electrode 62 and the 
measuring electrode 70 is composed of, for example, a 
compound having the perovskite structure such as 
La 3 Cu0 4 , a cermet comprising a ceramic and a metal 
such as Au having a low catalytic activity or a cermet 
comprising a ceramic, a metal of the Pt group : and a 
metal such as Au having a low catalytic activity. When 
an alloy composed of Au and a metal of the Pt group is 
used as an electrode material, it is preferable to add Au 
in an amount of 0.03 to 35 % by volume of the entire 
metal component. 

Further, a detecting electrode 80 having a substan- 
tially rectangular planar configuration and composed of 
a porous cermet electrode is formed on an upper sur- 
face portion for forming the second chamber 60, of the 
upper surface of the first solid electrolyte layer 50d. An 



electrochemical pumping cell, i.e., a measuring pump- 
ing cell 82 is constructed by the detecting electrode 80, 
the inner pumping electrode 62 of the main pumping cell 
66, the first solid electrolyte layer 50d, the second spac- 

5 er layer 50e, and the second solid electrolyte layer 50f . 
The detecting electrode 80 is composed of, for ex- 
ample, a porous cermet comprising Rh as a metal ca- 
pable of reducing NOx as the measurement gas com- 
ponent and zirconia as a ceramic. Accordingly, the de- 

io tecting electrode 80 functions as a NOx-reducing cata- 
lyst for reducing NOx existing in the atmosphere in the 
second chamber 60. Further, when a measuring voltage 
Vp2 is applied between the detecting electrode 80 and 
the reference electrode 72 by the aid of a DC power 

75 source 84, the oxygen in the atmosphere in the second 
chamber 60 can be pumped out to the reference gas- 
introducing space 52. The pumping current Ip2, which 
flows in accordance with the pumping action of the 
measuring pumping cell 82, is detected by an ammeter 

20 86. 

On the other hand, an auxiliary, pumping electrode 
88 having a substantially rectangular planar configura- 
tion and composed of a porous cermet electrode is 
formed on an entire lower surface portion for forming the 

2S second chamber 60, of the lower surface of the second 
solid electrolyte layer 50f. An auxiliary electrochemical 
pumping cell, i.e., an auxiliary pumping cell 90 is con- 
structed by the auxiliary pumping electrode 88, the sec- 
ond solid electrolyte layer 50f, the second spacer layer 

30 50e, the first solid electrolyte layer 50d, and the refer- 
ence electrode 72. In the same manner as in the inner 
pumping electrode 62 of the main pumping cell 66 de- 
scribed above, the auxiliary pumping electrode 88 is 
based on the use of a material which has a weak reduc- 
es ing ability or no reducing ability with respect to the NO 
component in the measurement gas. In this embodi- 
ment, for example, the auxiliary pumping electrode 88 
is preferably composed of a compound having the per- 
ovskite structure such as La 3 Cu0 4 , a cermet comprising 

40 a ceramic and a metal such as Au having a low catalytic 
activity, or a cermet comprising a ceramic, a metal of the 
Pt group, and a metal such as Au having a low catalytic 
activity. When an alloy composed of Au and a metal of 
the Pt group is used as an electrode material, it is pref- 

45 erable to add Au in an amount of 0.03 to 35 % by volume 
of the entire metal component. 

A desired constant voltage Vp3 is applied between 
the auxiliary pumping electrode 88 and the reference 
electrode 72 of the auxiliary pumping cell 90 by the aid 

50 of an external DC power source 92. Thus, the oxygen 
in the atmosphere in the second chamber 60 can be 
pumped out to the reference gas-introducing space 52. 

Accordingly, the partial pressure of oxygen in the 
atmosphere in the second chamber 60 is controlled to 

55 have a low value of partial pressure of oxygen which 
does not substantially affects the measurement for the 
amount of the objective component under a condition in 
which the measurement gas component (NOx) is not 
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substantially reduced or decomposed. In this arrange- 
ment, the change in amount of oxygen introduced into 
the second chamber 60 is greatly reduced as compared 
with the change in the measurement gas, owing to the 
operation of the main pumping cell 66 for the first cham- 
ber 58. Accordingly, the partial pressure of oxygen in the 
second chamber 60 is controlled accurately and con- 
stantly. 

The gas sensor 50 according to this embodiment 
further comprises a heater 94 for generating heat in ac- 
cordance with electric power supply from the outside. 
The heater 94 is embedded in a form of being vertically 
interposed between the first and second substrate lay- 
ers 50a, 50b. The heater 94 is provided in order to in- 
crease the conductivity of oxygen ion. A ceramic layer 
96 composed of alumina or the like is formed to cover 
upper and lower surfaces of the heater 94 so that the 
heater 94 is electrically insulated from the substrate lay- 
ers 50a, 50b. 

As shown in FIG. 2, the heater 94 is arranged over 
the entire portion ranging from the first chamber 58 to 
the second chamber 60. Accordingly, each of the first 
chamber 58 and the second chamber 60 is heated to a 
predetermined temperature. Simultaneously, each of 
the main pumping cell 66, the controlling oxygen partial 
pressure-measuring cell 74, and the measuring pump- 
ing cell 82 is also heated to a predetermined tempera- 
ture and maintained at that temperature. 

The pumping current, i.e., the offset current, which 
flows through the measuring pumping cell 82 upon NOx 
= 0, ideally has a value corresponding to the residual 
oxygen concentration in the first chamber 58 or the aux- 
iliary pumping cell 90. For example, when the oxygen 
concentration in the first chamber 58 is controlled to be 
0. 1 ppm by the aid of the main pumping cell 66, the offset 
current should have a value corresponding to about 0.2 
ppm. However, as shown in FIG. 12, the offset current 
actually has a value corresponding to 200 ppm. 

This fact means that 200 ppm of oxygen enters the 
detecting electrode 80 in any manner. The cause of this 
phenomenon may be insufficient air-tightness of the 
second chamber 60 due to incomplete stacking when 
the sensor element 1 00 of the gas sensor 50 is produced 
by sintering a stacked compact of Zr0 2 or due to occur- 
rence of microcracks during the sintering process, or in- 
sufficient air-tightness of the lead wire (for example, a 
Pt/Zr0 2 cermet lead) connected to the detecting elec- 
trode 80 or the auxiliary pumping electrode 88 for mak- 
ing electric connection to the atmospheric side. Surpris- 
ingly, it has been revealed that an unexpected portion 
causes the phenomenon. 

In the gas sensor 50 according to the embodiment 
of the present invention, in order to decrease the offset 
value, the pattern of the heater 94 is improved as shown 
in FIG. 3B so that the electronic conduction of the meas- 
uring pumping cell 82 is set to be not less than 1 MO 
after conversion into a resistance value. 

Specifically, the pattern of the heater 94 is usually 
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devised such that the respective pumping cells 66, 82, 
90 are uniformly heated in order to sufficiently bring out 
the abilities of main pumping cell 66, the measuring 
pumping cell 82 and the auxiliary pumping cell 90. For 

5 example, as shown in FIG. 3A, a minute pitch is used 
for a pattern 94a at a portion corresponding to the for- 
ward end of the sensor element 100, a coarse pitch is 
used for a pattern 94b at a central portion, and a minute 
pitch is used for a pattern 94c at a portion corresponding 

10 to the backward end of the sensor element 1 00. 

In this embodiment, the temperature between the 
detecting electrode 80 and the reference electrode 72 
of the measuring pumping cell 82, i.e. : the temperature 
at a position (hereinafter simply referred to as "position 

is indicated by Point P") separated from the forward end 
A of the sensor element 100 by a predetermined dis- 
tance "m" in the depth direction as shown in FIG. 2 is 
about 840 °C as shown by a temperature distribution 
curve "a" in FIG. 4. 

20 on the other hand ; as shown in FIG. 3B, the heater 
94 of the gas sensor 50 according to the embodiment 
of the present invention has a pattern in which the pat- 
tern 94c of the portion corresponding to the backward 
end of the sensor element 1 00 is removed from the pat- 

25 tern of the heater 94 shown in FIG. 3A. 

Accordingly, the temperature (temperature at Point 
P) between the detecting electrode 80 and the reference 
electrode 72 of the measuring pumping cell 82 is about 
700 °C as shown by a temperature distribution curve "b" 

30 in FIG. 4. The temperature in this embodiment is low- 
ered by about 1 40 °C as compared with the temperature 
of about 840 °C obtained before the improvement of the 
pattern. 

The gas sensor 50 according to the embodiment of 
35 the present invention is basically constructed as de- 
scribed above. Next, its function and effect will be ex- 
plained. 

Prior to the measurement of NOx, the gas sensor 
50 according to the embodiment of the present invention 

40 is set to be in a state in which the measurement gas can 
be introduced into the first chamber 58. Subsequently, 
an electric power is applied to the heater 94 to activate 
the first and second solid electrolyte layers 50d, 50f to 
be in a desired state. 

45 Next, the measurement gas is introduced into the 
gas sensor 50 having been set as described above to 
start measurement of NOx contained in the measure- 
ment gas. 

The measurement gas is introduced into the first 
50 chamber 58 under the predetermined diffusion resist- 
ance through the first diffusion rate-determining section 
54. The partial pressure of oxygen contained in the 
measurement gas is controlled to have a predetermined 
value in accordance with the predetermined pumping 
55 voltage Vpl applied between the inner pumping elec- 
trode 62 and the outer pumping electrode 64 by the aid 
of the variable power source 68. That is, the partial pres- 
sure of oxygen in the first chamber 58 can be measured 
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on the basis of the voltage V between the inner pumping 
electrode 62 and the reference electrode 72 detected 
by the voltmeter 76. The voltage V is the electromotive 
force of the oxygen concentration cell specified by the 
Nernst's equation described above. The voltage of the 
variable power source 68 is controlled so that the volt- 
age V is, for example, not more than 300 mV. Thus, the 
partial pressure of oxygen in the first chamber 58 is con- 
trolled to have a predetermined value. 

The measurement gas, which has been controlled 
to have the predetermined partial pressure of oxygen in 
the first chamber 58, is introduced into the second 
chamber 60 through the second diffusion rate-determin- 
ing section 56. 

In the second chamber 60, the predetermined 
pumping voltage Vp2, which makes it possible to suffi- 
ciently pump out 0 2 in the second chamber 60, is ap- 
plied between the reference electrode 72 and the de- 
tecting electrode 80 by the aid of the DC power source 
84. NOx contained in the measurement gas is decom- 
posed by the aid of the pumping voltage Vp2 or the NOx- 
decomposing catalyst arranged in the second chamber 
60. 0 2 generated thereby is pumped out toward the ref- 
erence gas-introducing space 52 through the first solid 
electrolyte layer 50d, During this process, the current 
value Ip2, which is generated by the movement of oxy- 
gen ion, is measured by the ammeter 86. The concen- 
tration of the predetermined oxide, for example, NOx 
such as NO and N0 2 contained in the measurement gas 
is measured from the current value Ip2 

That is, when the voltage is applied to the oxygen 
ion-conductive solid electrolyte such as Zr0 2 (first solid 
electrolyte layer 50d in the embodiment shown in FIG. 
1 ), then the current flows in accordance with the move- 
ment of oxygen ion, and the current is detected as the 
pumping current Ip2 by the aid of the ammeter 86. In the 
case of a proton ion-conductive solid electrolyte, the cur- 
rent flows in accordance with the movement of proton. 

When the measuring pumping cell 82 is at a high 
temperature during the measurement of NOx, the cur- 
rent flowing through the first solid electrolyte 50d in- 
cludes not only the current originating from oxygen ion. 
It has been revealed that electronic conduction occurs 
although it is in an extremely minute amount, and it ap- 
pears as the offset current. 

The electron conductivity is about 1/1000 as com- 
pared with the conductivity of oxygen ion. For example, 
when it is assumed that the conductivity of oxygen ion 
corresponds to about 1/100 (1/Q), the electronic con- 
duction corresponds 1/100 k(1/Q) which is 1/1000 there- 
of. Therefore, the electronic conduction is usually al- 
most neglected. 

However, when the gas concentration correspond- 
ing to an extremely minute amount is measured, an ob- 
tained limiting current is in a degree of only several u,A. 
The electronic conduction at pA level behaves as a large 
error factor. For example, when the electron conductivity 
is 1/100 k(1/0) as described above, applicatbn of 0.45 



V to the measuring pumping cell 82 gives a large value 
of the pumping current Ip2 = 0.45 (V) x 1/100 k(1/Q) = 
4.5 uA 

When the temperature of the sensor element 100 

5 is changed, and the electron conductivity is changed, 
for example, it is decreased to 1/2, then the change in 
current effected by the electron conduction is changed 
from 4.5 pA to 2.25 pA. The amount of change is 2.25 
pA which is a change corresponding to 500 ppm. Such 

to a change appears as the temperature dependency of 
the offset value. 

In order to decrease the temperature dependency 
of the offset value, it is necessary to decrease the elec- 
tron conductivity of the measuring pumping cell 82 as 

*5 small as possible. However, in the gas sensor 50 ac- 
cording to the embodiment of the present invention, the 
temperature at Point P in the measuring pumping cell 
82 is lowered from 840 °C to 700 °C. Therefore, the re- 
sistivity of electronic conduction can be raised from 450 

20 kQ to 4 MQ after conversion into a resistance value. 
Thus, the offset value can be lowered from 1 pA to 0. 11 
uA. 

That is, the temperature of the measurement gas is 
changed, and the temperature change occurs in the 
2S sensor element 100. Assuming that the electron con^ 
ductivity is thereby changed to 1/2, the offset value is 
varied in an amount of change of 0.5 pA (corresponding 
to 100 ppm) before the improvement of the pattern of 
the heater 94. However, the gas sensor 50 according to 
30 the embodiment of the present invention undergoes a 
slight change of 0.05 pA (corresponding to 10 ppm), 
making it possible to accurately measure NOx at a low 
concentration. 

FIG. 5 shows such a situation, in which the temper- 
as ature of the heater 94 is set so that the electronic con- 
duction is 0.2 pA when the temperature of the measure- 
ment gas (gas temperature) is 800 °C. Even when the 
gas temperature is changed from 600 °C to 800 °C, the 
offset value changes only in a degree of 0.1 uA The 
40 amount of 0. 1 pA corresponds to 20 ppm when conver- 
sion is made in view of the sensitivity (5 pA/1000 ppm) 
of the gas sensor 50. The amount of change is in a sat- 
isfactory degree in consideration of the measurement 
for several hundreds of ppm. 
is In this embodiment, it is preferable that the heater 
94 of the gas sensor 50 is controlled so that the imped- 
ance of the auxiliary pumping cell 90 is constant. De- 
scription will now be made for a heater control system 
for controlling the heater 94 to give a constant imped- 
50 ance of the auxiliary pumping cell 90, with reference to 
FIGs. 6 to 8. 

The healer control system comprises an imped- 
ance-detecting circuit 102 and a heater control circuit 
104. The impedance-detecting circuit 102 is inserted 
55 and connected, for example, between the inner pump- 
ing electrode 62 and the auxiliary pumping electrode 88 
of the main pumping cell 66 except for the detecting 
electrode 80, for detecting the impedance between the 
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inner pumping electrode 62 and the auxiliary pumping 
electrode 88. The heater control circuit 104 controls 
electric power application to the heater 94 on the basis 
of a detection signal supplied from the impedance-de- 
tecting circuit 102. 

As shown in FIG. 7, the impedance-detecting circuit 
102 comprises an alternating current-generating circuit 
1 10 for supplying an alternating current between the in- 
ner pumping electrode 62 and the auxiliary pumping 
electrode 88, and a signal-detecting circuit 112 for de- 
tecting a voltage signal VI at a level corresponding to 
the impedance between the inner pumping electrode 62 
and the auxiliary pumping electrode 88, generated be- 
tween the electrodes 62, 88 in accordance with the al- 
ternating current supplied between the electrodes 62, 
88. 

As shown in FIG. 8, the impedance measurement 
objective, which is constructed by the inner pumping 
electrode 62, the auxiliary pumping electrode 88, and 
the second solid electrolyte layer 501 interposed be- 
tween the both electrodes 62, 88, can be equivalently 
represented by a circuit 114 in which a resistor R and a 
capacitor C are connected in parallel. 

Therefore, as shown in FIG. 8, the signal-detecting 
circuit 112 can be constructed by a filter circuit (for ex- 
ample, a low-pass filter or a bandpass filter) 1 1 6 for con- 
verting the alternating current signal generated between 
the electrodes 62, 88 into a voltage signal (hereinafter 
simply referred to as "detection level", if necessary) Vf 
corresponding to the impedance between the elec- 
trodes 62, 88. 

As also shown in FIG. 8, the heater control circuit 
1 04 comprises a comparator 1 1 8 with hysteresis and a 
pnp transistor 1 20. Assuming that the reference level is 
E, and the dead band level is V H , the comparator 118 
with hysteresis outputs a high level signal when the de- 
tection level Vf of the voltage signal outputted from the 
filter circuit 116 is higher than a positive threshold level 
(E + Vh/2), it outputs a low level signal when the detec- 
tion level Vf is lower than a negative threshold level (E 
- V H /2), and it maintains the present level when the de- 
tection level Vf is between -V H /2 and +V,_/2. 

The pnp transistor 120 has its collector terminal to 
which a power source Vcc is connected, its base termi- 
nal to which an output side of the comparator 118 with 
hysteresis is connected, and its emitter terminal to which 
one terminal $1 of the heater 94 is connected. The other 
terminal <j)2 of the heater 94 is grounded. 

The pnp transistor 1 20 is subjected to ON operation 
in accordance with the low level signal supplied from the 
comparator 118 to the base terminal. Accordingly, the 
driving current is supplied from the power source Vcc to 
the heater 94. On the other hand, the pnp transistor 1 20 
is subjected to OFF operation in accordance with the 
high level signal supplied from the comparator 118 to 
the base terminal. Accordingly, the supply of the driving 
current to the heater 94 is stopped. 

It is desirable that the frequency zone of the alter- 



nating current component generated by the alternating 
current-generating circuit 110 is set to be, for example, 
within a range of about 300 kHz to 100 kHz. Optimally, 
the frequency zone is set to be within a range of 1 kHz 
s to 1 0 kHz. It is desirable that the voltage of the alternat- 
ing current component is set at a level at which no trou- 
ble occurs in the function of each of the electrodes, for 
example, at a level of not more than 500 mV Optimally, 
the voltage is set to be about 100 to 300 mV. 
10 The reference level E supplied to the comparator 
118 of the heater control circuit 104 is set to be at the 
same level as the detection level obtained when the 
measurement gas temperature in the sensor element 
100 is a predetermined temperature (desired tempera- 
's ture). 

Next, the operation of the heater control system will 
be explained. The impedance between the inner pump- 
ing electrode 62 and the auxiliary pumping electrode 88 
except for the detecting electrode 80 is detected as the 

20 voltage level by the aid of the impedance-detecting cir- 
cuit 102 (see FIG. 6) during the measurement of NOx. 
The electric power application to the heater 94 is con- 
trolled on the basis of the detected voltage level by the 
aid of the heater control circuit 104. 

25 Specifically, when the gas temperature is increased 
to be higher than the predetermined temperature, and 
the impedance between the inner pumping electrode 62 
and the auxiliary pumping electrode 88 is increased, 
then the detection level Vf of the voltage signal, which 

30 is outputted from the filter circuit 116 (see FIG. 8) of the 
impedance-detecting circuit 102, is also becomes high. 
When the detection level Vf of the voltage signal is high- 
er than the positive threshold level (E + Vh/2) of the com- 
parator 118, then the high level signal is supplied to the 

35 base electrode of the pnp transistor 120 of the heater 
control circuit 104, and the electric power application to 
the heater 94 is stopped. Accordingly, the measurement 
gas temperature in the sensor element 100 is gradually 
decreased. 

40 On the other hand, when the gas temperature be- 
comes lower than the predetermined temperature, and 
the impedance between the inner pumping electrode 62 
and the auxiliary pumping electrode 88 is lowered, then 
the detection level Vf of the voltage signal outputted 

45 from the filter circuit 116 also becomes low. When the 
detection level Vf ol the voltage signal is lower than the 
negative threshold level (E - V^2) of the comparator 
118, then the low level signal is supplied to the base 
electrode of the pnp transistor 120 of the heater control 

50 circuit 104, and the electric power application to the 
heater 94 is started. Accordingly, the measurement gas 
temperature in the sensor element 100 is gradually in- 
creased. As described above, the temperature in the 
sensor element 1 00 can be constantly maintained by 

55 controlling the electric power application to the heater 
94 on the basis of the impedance value. 

When the heater control system is used as de- 
scribed above, the heater 94 is controlled so that the 
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impedance of the auxiliary pumping cell 90 is constant. 
Alternatively, control may be made so that the imped- 
ance of measuring pumping cell 82 is constant. In this 
alternative embodiment, control is made so that the im- 
pedance is constant between the electrodes (between s 
the detecting electrode 80 and the reference electrode 
72 in the embodiment shown in FIG. 2) through which 
the pumping current Ip2 flows. Accordingly, even when 
the gas temperature is changed from 600 °C to 800 °C, 
the width of change of the offset value is not more than 10 
0.02 u,A (corresponding to 4 ppm). Thus, it is possible 
to provide the gas sensor 50 having extremely high ac- 
curacy. 

In the system in which the impedance of the meas- 
uring pumping cell 82 is controlled to be constant, it is *s 
possible to control the offset value to be constant even 
when the temperature of the measurement gas is 
changed. Therefore, the offset value can be easily made 
to be zero by means of zero adjustment effected on the 
output side. Accordingly, it is possible to improve the 20 
measurement accuracy of the gas sensor 50. Further, 
the resistivity of electronic conduction of the measuring 
pumping cell 82 is not less than 1 00 k£2 after conversion 
into a resistance value. Therefore, the gas sensor 50 is 
advantageous in that sufficient tolerance is obtained (i. 25 
e., the offset value can be controlled to be constant) 
even when the electron conductivity is large to some ex- 
tent. 

A method (procedure) for measuring the electron 
conductivity of the measuring pumping cell 82 will now 30 
be explained. The electron conductivity can be deter- 
mined by firstly sealing the gas-introducing port of the 
sensor element 100 with high melting point glass or the 
like, applying the predetermined pumping voltage 
(measuring voltage Vp2) to the measuring pumping cell 35 
82 while intercepting supply of oxygen, and measuring 
the pumping current Ip2 in a state in which no oxygen 
exists in the space (second chamber) 60. 

At an early stage of the voltage application, a large 
pumping current Ip2 flows, because oxygen remains in 40 
the space 60. However, as the oxygen is pumped out, 
and the oxygen concentration in the space 60 is low- 
ered, the pumping current Ip2 is decreased. The pump- 
ing current Ip2 exhibits a constant value at a stage at 
which no oxygen exists in the space 60. The constant 45 
value represents the current caused by the electronic 
conduction. 

The electron conductivity can be determined in ac- 
cordance with another measuring method. That is, a 
state is given, in which the oxygen concentration of the so 
measurement gas is approximately zero, for example, 
about 1 ppm. A voltage, which is in a degree of the elec- 
tromotive force (electromotive force of the oxygen con- 
centration cell), i.e., about +200 mV between the detect- 
ing electrode 80 and the reference electrode 72 of the ss 
measuring pumping cell 82, is applied to the measuring 
pumping cell 82 to measure the pumping current Ip2. 

In other words, the limiting current of the measuring 
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pumping cell 82 is, for example, 5 u.A/1 000 ppm as de- 
scribed above. In the case of about 0. 1 ppm, the limiting 
current is 1 x 5/1000 - 0.005 uA according to calcula- 
tion. A value, which is obtained by subtracting the fore- 
going value from the actually measured current, repre- 
sent the current value caused by the electronic conduc- 
tion. 

In this case, when the ratio of the current to be sub- 
tracted is larger than the value of the current, the error 
upon calculation is increased. Therefore, in such a case, 
it is preferable to make measurement while further de- 
creasing the oxygen concentration in the measurement 
gas. 

The method for decreasing the electron conductiv- 
ity of the measuring pumping cell 82 is not limited to the 
method for lowering the temperature as described 
above. The object is achieved by decreasing the area 
of the detecting electrode 80, or by increasing the purity 
of the Zr0 2 material or the like for constructing the meas- 
uring pumping cell 82. 

When the are of the detecting electrode 80 of the 
gas sensor 50 according to the embodiment of the 
present invention is reduced to 1/2, the offset value is 
certainly decreased to 1/2. The offset value is lowered 
to 0.5 pA by increasing the purity of the material for con^ 
structing the substrate including the first and second sol- 
id electrolyte layers 50d, 50f from 96 % to 99 %, while 
maintaining the temperature to be ordinary one (temper- 
ature indicated by the temperature distribution curve °a n 
shown in FIG. 4). 

The measuring pumping cell 82 is not limited to the 
oxygen pump constructed by the detecting electrode 80 
and the reference electrode 72 provided for the second 
chamber 60 as shown in FIG. 2. Alternatively, it is also 
allowable to use an oxygen pump constructed by the 
detecting electrode 80 an electrode other than the ref- 
erence electrode 72, and the solid electrolyte interven- 
ing between the electrodes. Specifically, the measuring 
pumping cell 82 can be constructed, for example, by an 
oxygen pump constructed by the detecting electrode 80 
for the second chamber 60 and the inner pumping elec- 
trode 62 of the main pumping cell 66, an oxygen pump 
constructed by the detecting electrode 80 for the second 
chamber 60 and the outer pumping electrode 64 of the 
main pumping cell 66, or an oxygen pump constructed 
by the detecting electrode 80 for the second chamber 
60 and an electrode provided separately on the element 
surface on the exhaust gas side. In these arrangements, 
a system is adopted, in which the pumping current Ip2 
is allowed to flow between the detecting electrode 80 
and the electrode (the inner pumping electrode 62, the 
outer pumping electrode 64, or the electrode provided 
separately on the element surface on the exhaust gas 
side) other then the reference electrode 72, while mon- 
itoring the electromotive force (electromotive force of 
the oxygen concentration cell) generated between the 
reference electrode 72 and the detecting electrode 80. 
In any of the arrangements, in short, the electron 
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conductivity of the pumping cell through which the 
pumping current Ip2 to be measured flows is decreased 
to an extent that the electron conductivity is negligible 
as compared with the ion current generated by the de- 
composition of the gas component to be measured. 

Especially, when the heater 94 is controlled so that 
the impedance of the measuring pumping cell 82 is con- 
stant, the impedance is measured between the detect- 
ing electrode 80 and the electrode (the inner pumping 
electrode 62, the outer pumping electrode 64, or the 
electrode provided separately on the element surface 
on the exhaust gas side) other then the reference elec- 
trode 72 through which the pumping current Ip2 flows. 
The control system may be constructed so that the heat- 
er 94 is controlled on the basis of the result of the meas- 
urement. 

An advantage is obtained in that the effect obtained 
by the system for controlling the impedance of the meas- 
uring pumping cell 82 to be constant is larger than the 
effect obtained by the improvement of the configuration 
of the heater pattern or by the reduction of the area of 
the detecting electrode 80 as described above. 

Alternatively, as shown in FIG. 9, the oxygen in the 
atmosphere in the second chamber 60 may be pumped 
out into the first chamber 58 by constructing the auxiliary 
pumping cell 90 with the auxiliary pumping electrode 88 
provided in the second chamber 60, the second solid 
electrolyte layer 50f, and the inner pumping electrode 
62 of the main pumping cell 66. 

As described above, according to the gas sensor 
50 concerning the embodiment of the present invention, 
the resistivity of electronic conduction of the measuring 
pumping cell 82 is set to be not less than 1 MQ after 
conversion into a resistance value. Therelore, it is pos- 
sible to suppress the electronic conduction which would 
be otherwise caused in the measuring pumping cell 82. 
Accordingly, it is possible to decrease the offset value. 
Thus, the gas sensor 50 according to the embodiment 
of the present invention is extremely useful to measure 
NOx at a low concentration. 

As described above, in the gas sensor 50 according 
to the embodiment of the present invention, the electron 
conductivity of the measuring pumping cell 82 is not less 
than 1 MU after conversion into a resistance value. 
However, the electron conductivity is preferably not less 
than 2 MQ, and more preferably not less than 4 MQ. 
However, in the case of the system in which the imped- 
ance of the measuring pumping cell 82 is controlled, a 
sufficient effect is obtained even when the resistivity of 
electronic conduction of the measuring pumping cell 82 
is not less than 100 k£l 

The pumping ability of the measuring pumping cell 
82 is lowered when the temperature in the vicinity of the 
measuring pumping cell 82 is lowered or when the area 
of the detecting electrode 80 is reduced, in order to de- 
crease the electronic conduction of the measuring 
pumping cell 82. However, the pumping ability may be 
set to have a value which is about two times the limiting 



value of the pumping ability. 

For example, when it is intended to measure a con- 
centration of 1000 ppm at maximum, the temperature in 
the vicinity of the measuring pumping cell 82 is gradually 

5 lowered at a gas concentration of 2000 ppm. The tem- 
perature, at which the decrease in sensitivity begins to 
occur, is set to be the limiting temperature/limiting area. 
By doing so, it is possible to design a pump which has 
an enough margin for the measurement lor 1000 ppm. 

io When the temperature of the gas sensor 50 is con- 
trolled, it is preferable tocontrol the heater 94 while mon- 
itoring the temperature of the measuring pumping cell 
82, because of the following reason. That is, the offset 
value is controlled to be constant, because the electron 

is conductivity is controlled to be constant even when the 
exhaust gas temperature is changed. In this case, an 
alternating current may be applied to measure the alter- 
nating current impedance of the measuring pumping cell 
82. Alternatively, a small voltage, at which current limit- 

20 ing does not occur, may be intermittently applied to the 
measuring pumping cell 82 to measure the direct current 
impedance. Further alternatively, another temperature- 
measuring means may be provided in the vicinity of the 
measuring pumping cell 82. 

25 The gas sensor 50 according to the embodiment of 
the present invention is directed to NOx as the prede- 
termined gas component to be measured. However, the 
gas sensor of the present invention is effectively appli- 
cable to the measurement of bound oxygen -contain ing 

30 gas components such as H 2 0 and C0 2 other than NOx, 
which is affected by oxygen existing in the measurement 
gas. 

The gas sensor of the present invention is also ap- 
plicable to gas sensors constructed to pump out, with 

35 an oxygen pump, O s produced, for example, by electrol- 
ysis of H 2 0 and C0 2 , and gas sensors for pumping- 
processing H 2 produced by electrolysis of H 2 0 by using 
a proton ion -conductive solid electrolyte. 

It is a matter of course that the gas sensor according 

40 to the present invention is not limited to the foregoing 
embodiments, which may be constructed in other vari- 
ous forms without deviating from the gist or essential 
characteristics of the present invention. 

As described above, the gas sensor according to 

45 the present invention makes it possible to decrease the 
offset value to an extent that no trouble occurs in the 
measurement, without causing any reduction of NOx, 
and thus it is possible to improve the measurement ac- 
curacy for the predetermined gas component. 

50 The invention also consists in the gas component 
sensing methods described herein. 

Claims 

55 

1. A gas sensor comprising: 

a main pumping means (66) for pumping- 
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processing oxygen contained in a measure- 
ment gas introduced from an external space in- 
to a processing space (58) formed and com- 
parted by solid electrolytes contacting with said 
external space so that a partial pressure of ox- s 
ygen in said processing space (58) is controlled 
to have a predetermined value at which a pre- 
determined gas component contained in said 
measurement gas is not decomposable; and 
a measuring pumping means (82) for decom- io 
posing a measurement gas component con- 
tained in said measurement gas after being 
pumping-processed by said main pumping 
means (66) : by means of catalytic action and/ 
or electrolysis so that oxygen produced by said is 
decomposition is subjected to a pumping proc- 
ess, wherein: 

said measurement gas component contained 
in said measurement gas is measured on the 
basis of a pumping current (Ip2) allowed to flow 20 
through said measuring pumping means (82) 
in accordance with said pumping process ef- 
fected by said measuring pumping means (82); 
and 

said measuring pumping means (82) has a re- 25 
sistivity of electronic conduction of not less than 
1 MQ after conversion into a resistance value. 

2. The gas sensor according to claim 1 , wherein said 
predetermined gas component is NO, and said 30 
measurement gas component is NOx. 

3. The gas sensor according to claim 1 , wherein said 
resistivity of electronic conduction of said measur- 
ing pumping means (82) is not less than 2 MQ after 35 
conversion into a resistance value. 

4. The gas sensor according to claim 3, wherein said 
resistivity of electronic conduction of said measur- 
ing pumping means (82) is not less than 4 MQ after 40 
conversion into a resistance value. 



The gas sensor according to claim 1 , further com- 
prising an auxiliary pumping means (90) including 
said solid electrolyte and an inner auxiliary pumping 
electrode (88) and an outer auxiliary pumping elec- 
trode (72) formed in contact with said solid electro- 
lyte, for pumping out oxygen contained in said 
measurement gas after being pumping-processed 
by said main pumping means (66), toward said main 
pumping means (66). 



The gas sensor according to claim 1 , further com- 
prising: 

a heater (94) for heating at least said main 
pumping means (66) and said measuring 
pumping means (82) to predetermined temper- 
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atures; and 

a heater control means (104) for controlling 
electric power of said heater (94) so that said 
temperature in the vicinity of said measuring 
pumping means (82) is constant. 

7. A gas sensor comprising: 

a main pumping means (66) for pumping- 
processing oxygen contained in a measure- 
ment gas introduced from an external space in- 
to a processing space (58) formed and com- 
parted by solid electrolytes contacting with said 
external space so that a partial pressure of ox- 
ygen in said processing space (58) is controlled 
to have a predetermined value at which a pre- 
determined gas component contained in said 
measurement gas is not decomposable; and 
a measuring pumping means (82) for decom- 
posing a measurement gas component con- 
tained in said measurement gas after being 
pumping-processed by said main pumping 
means (66), by means of catalytic action and/ 
or electrolysis so that oxygen produced by said 
decomposition is subjected to a pumping proc- 
ess, wherein: 

said measurement gas component contained 
in said measurement gas is measured on the 
basis of a pumping current (Ip2) allowed to flow 
through said measuring pumping means (82) 
in accordance with said pumping process ef- 
fected by said measuring pumping means (82), 
said gas sensor further comprising: 
a heater (94) for heating at least said main 
pumping means (66) and said measuring 
pumping means (82) to predetermined temper- 
atures, and a heater control means (104) for 
controlling electric power of said heater (94) so 
that said measuring pumping means (82) has 
a constant impedance, wherein: 
said measuring pumping means (82) has a re- 
sistivity of electronic conduction which is not 
less than a predetermined value. 

The gas sensor according to claim 7, wherein said 
resistivity of electronic conduction of said measur- 
ing pumping means (82) is not less than 100 k£2 af- 
ter conversion into a resistance value. 

The gas sensor according to claim 7, further com- 
prising an auxiliary pumping means (90) including 
said solid electrolyte and an inner auxiliary pumping 
electrode (88) and an outer auxiliary pumping elec- 
trode (72) formed in contact with said solid electro- 
lyte, for pumping out oxygen contained in said 
measurement gas after being pumping-processed 
by said main pumping means (66), toward said main 
pumping means (66). 
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